Abstract Present study was carried out to assess the significances of solid state fermentation of peanut oil cakes (POC) by Aspergillus oryzae on in vitro bioavailability of minerals (iron, zinc and calcium) and cellular transport, retention and uptake from POC through Caco-2 cells. Bioavailability of iron, zinc and calcium of POC was examined by means of a combined simulated gastrointestinal digestion/Caco-2 cell system. Bio-augmentation of minerals of fermented POC attributed a positive, statistically significant increased influence on minerals retention, transport and uptake values when compared with that of respective inorganic salts as reference. Results revealed increased cellular ferritin content from fermented POC digests than the digests of free form of respective inorganic salt. In prospect of the present investigation the fermented POC samples showed significantly higher iron, zinc and calcium bioavailability and enormous possible health benefits.
Introduction
Ingredients of natural origin gained better acceptability by the global community over their synthetic counterparts (Górnas and Rudzinska 2016) . Therefore, organic residues of various agricultural products are utilized as potential raw materials in various bioprocesses as they are excellent substratum for the growth of microorganisms and they also supply essential nutrients for the growth and nourishment of the microorganisms (Ramachandran et al. 2007) . Peanut (Arachis hypogaea L.) is one of the widely utilized, highly valuable principle oil seed crop which possess rich nutritional constituents for human as well animal nutrition (Wang et al. 2017; Zhang 2016) . The oil extracted peanut press oil cake (POC) or meals are highly nutritionally valuable due to its high protein content (47-55%). However, it is currently underutilized due to its inferior functional properties (Shi et al. 2014) . POC obtained from peanut oil extraction are auspicious source of food proteins due to their prevalent accessibility, high protein content, low amounts of antinutritive compounds and no toxicity (Pickardt et al. 2015) . Being a rich source of protein, oil cakes also have immense potential in several food based applications as an ideal candidate for food supplementation. Besides from the major source of proteins, peanut seeds and obtained oil press cakes are also rich in various micronutrients which are well known and reported by several authors (Martin et al. 2016; Arya et al. 2016; Zhang 2016) .
Iron, zinc and calcium are fundamental transition metals and these elements are essential for all life and vital for cellular survival (Lane et al. 2015) . Peanuts and obtained meals are the rich source of trace elements including iron, zinc and calcium which are responsible for the intake of these minerals (Shi et al. 2014) . Bioavailability of these minerals is directly affected by the presence of anti-nutritional factors such as phytate, phytic acid, oxalic acid and complex polysaccharides (Gupta et al. 2015) . It is well known and reported that solid state fermentation (SSF) using filamentous fungi (mainly Aspergillus oryzae) helps to reduce the anti-nutritional and toxic factors in the raw materials by making the proteins and minerals complex with phytochemicals readily available (Guan et al. 2015; Tokuoka et al. 2010; Chancharoonpong et al. 2012; Adegbehingbe 2015) . Also, it is an alternative process to improve the nutritional aspects for a great variety of legumes and cereals, or combination of them, and helpful to obtain edible products with palatable sensorial characteristics and formation of shorter chain compounds with lower molecular mass (Xiao et al. 2015) . Therefore, SSF widely used to increase functional properties as well as food applications of many cereals, legumes and their byproducts (Chawla et al. 2017) .
For studies of intestinal mineral uptake, Caco-2 cell line in combination with simulated gastro-intestinal digestion is widely used as an alternative to human and animal studies. Caco-2 characteristics of small intestinal absorptive enterocytes (Hidalgo et al. 1989) . Estimation of cellular iron stores in the form of a protein-iron complex known as ferritin is a sensitive and proportional measure of iron uptake by the cell (Glahn et al. 2000) .
However, no attempt has been made so far to evaluate in vitro bioavailability of minerals of fermented POC through Caco-2 cell culture model. Therefore, the present study was designed with following objectives. (i) Preparation of fermented POC samples (ii) Mineral estimation of fermented POC samples and (iii) Estimation of in vitro bioavailability of minerals (i.e. iron, zinc and calcium) and ferritin content of fermented POC samples using Caco-2 cell culture in comparison with free form of salt.
Materials and methods

Materials
Peanut (HNG-10) was obtained from Pilimandori, Fatehabad, Haryana (India). Aspergillus oryzae (MTCC 3107) was procured from Microbial Type Culture Collection (MTCC), Institute of Microbial Technologies Chandigarh, India. Xylan (from Birchwood), ferrous sulphate heptahydrate, zinc sulphate heptahydrate, calcium carbonate, aamylase, p-nitrophenol-b-D-glucoside, b-glucosidase, potato dextrose agar and Czapek-dox medium were procured from Sigma Aldrich Co. (St. Louis, USA).
Microbial strain and substrate
Fungal strain i.e. Aspergillus oryzae (MTCC 3107) was used for solid state fermentation in present study. This fungal strain is generally recognized as safe (GRAS), was cultivated and maintained on potato dextrose agar (PDA) plates. Peanut oil cakes of variety HNG-10 were used as the substrate for the fungi.
Methods
Preparation of inoculum
The fungal culture of Aspergillus oryzae, maintained on slants of potato dextrose agar were transferred to fresh PDA plates before starting of each experiment. The inoculated plates were incubated at 30°C for 144 h. Spore suspension was prepared in sterilized cellular grade water having a spore count of approximately 1 9 10 6 spores/ml.
Fermentation conditions
Substrate was first washed and dried in a hot air oven (Narang Scientific Instruments, NSW 143, Ambala, India) at 30°C before use, then it was grinded to fine powder in a grinder to make suitable for fermentation. Fifty gram of grinded sample was taken in 500 ml Erlenmeyer flasks and then soaked in 50 ml Czapek-dox medium [NaNO 3 (2.5 g/ L), KH 2 PO 4 (1.0 g/L), KCl (0.5 g/L) and MgSO 4 Á2H 2 O (0.5 g/L)] at room temperature (25-30°C) overnight. After decanting the excess media if any, the substrate was autoclaved (Vertical autoclave, Calton, NSW-227, India) and then subsequently cooled at room temperature before inoculation. The autoclaved substrate was inoculated with 5.0 ml spore suspension (1 9 10 6 spores/ml) of fungal strain, mixed properly and incubated in BOD incubator (Calton, NSW-152, India) for 0, 48, 72, 96, 120 and 144 h, respectively at 30°C. The non-fermented substrate as raw material was prepared without the addition of spore suspension.
Mineral estimation
Calcium, iron and zinc content of fermented POC samples were estimated in atomic absorption mode using Atomic Absorbance Spectrophotometer (AAS) (AA-7000, Shimadzu, Tokyo, Japan) as described by AOAC (2005) . Samples were subjected to ashing (at 550°C for 8 h), solubilized in tri acid mixture and heated for complete dissolution. All the samples were diluted to a suitable dilution before analysis by AAS.
In-vitro bioavailability of minerals Method described by Chawla et al. (2017) was applied to evaluate the in vitro bio accessibility of iron, zinc and calcium in fermented POC samples in comparison with free form of inorganic salts (Table 1 ). The simulated gastro-intestinal model consisted of two phases: gastric and intestinal. Compositions and concentrations of various inorganic and organic solutions of the in vitro digestion are given in table (Fernando et al. 2007 ).
Simulated gastrointestinal digestion
Briefly, 5 g of each POC samples were transferred to a flask with saliva solution (9 ml, pH 6.5) containing organic, inorganic components and a-amylase (700 mg/L of saliva solution) after which the samples were incubated in water bath at 37°C, 95 rpm for 5 min. Gastric juice (13.5 ml) with organic, inorganic solutions, mucin (6 g/L of gastric juice), bovine serum albumin (2 g/L of gastric juice), and pepsin (2 g/L of gastric juice) from porcine stomach was added to the flask, pH was adjusted to 1.1 with HCl and subsequently incubated for 1 h at 37°C. Duodenal juice (25 ml, organic and inorganic solutions containing porcine pancreatin 6 g/L of duodenal juice) and bile solutions (9 ml, containing bile salt 12 g/L of bile solution), prepared fresh, were supplemented after neutralization of the pH (7.8) and the human pancreatic lipase (5 units), colipase (25 mg), cholesterol esterase (10 units), phospholipase A2 (50 ml) and taurocholate salts (39.8 mg) were added. Final volume of approximately 15 ml was then incubated up to 3 h at 37°C and subjected to centrifugation at 5000 rpm/ 30 min in Amicon UF centrifuge tube (MW cutoff 10 kDa).Inorganic salts were also treated same and the amount used was as equal to mineral content (i.e. iron, zinc and calcium) present in POC sample taken. The % bio accessibility of minerals under simulated gastro-intestinal conditions in permeate was determined by AAS. Bioavailability of minerals (iron, zinc and calcium) was calculated from the amount of the nutrient (iron) that had passed the ultrafiltration membrane in proportion to the total mineral content of the sample. Bioavailability was calculated as:
where, D = Mineral content in the dialysate (permeate) and C = Mineral content of sample
Caco-2 cell culture (transwell assay)
The selection of medium and the procedure to maintain the cell cultures and cell seeding were performed according to method as described by Chawla et al. (2017) . Cells were cultured in growth medium containing antibiotic-free Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% v/v heat inactivated FBS, 2 mM L-Glutamine, 1% v/v non-essential amino acids and antibiotics (penicillin 100 U/ml, streptomycin 30 lg/ml, amphotercine 25 lg/ml). They were then incubated in CO 2 incubator (Thermo Fisher Scientific, Mumbai, India) at 37°C in humidified atmosphere (95%) containing 5% CO 2 . The growth medium was changed at every alternate day, and the cells were passaged at nearly 80% confluence, achieved 6-8 days after seeding a density of 1 9 10 6 cells/flasks (25 cm 2 flasks). Cell sub culturing was executed at split ratio of 1:3 by trypsinization (0.5% trypsin and 0.05% EDTA). Cells used for further assay were of 43 passages.
Preparation of the 6-well culture plates with cell monolayers
For transport studies, cells at a density of 50,000 cells/well were seeded into 24 mm polyester membrane (pore size of 0.4 lm) inserts (six welled sterile transwell polystyrene plates) dividing an apical or a donor-like compartment from a basal or acceptor compartment. The cells were allowed to differentiate in CO 2 incubator at 37°C, 5% CO 2 and 95% relative humidity. Spent culture medium was aspirated every second day and cells were washed three times with PBS till usage. The monolayer became confluent after 4-5 days and the cells were allowed to The inorganic and organic solutions were augmented to 50 ml with distilled water J Food Sci Technol (October 2017) 54(11):3640-3649 3643 differentiate for another 11 days before performing trans epithelial transport experiments.
Assessment of cell monolayer integrity
The integrity of the monolayer was monitored before and after completion of the experiment using microscopic examination and phenol red test as per the method of Jovov et al. (1991) . The morphology, surface area covered, presence of mucus or contamination were checked repeatedly. After attaining 95-100% confluency the integrity of the Caco 2 monolayer was confirmed by phenol red dye test using the method of Szlapka et al. (2009) . Following washing, 2 ml each of DMEM with phenol red and PBS without phenol red were placed in the apical and basal chambers respectively. After incubation at 37°C in CO 2 incubator for 1 h, 100 ll solutions were collected from both the chambers and the amount of phenol red leakage in the basolateral medium through intercellular spaces was checked automated ELISA plate reader (Epoch Bio Tek, Winooski, USA) at 558 nm. The experiments were conducted only after the culture has attained 95-100% confluent.
Transport studies of minerals
Previously washed Caco-2 cells were treated at the apical surface with 2 ml each of growth medium with ferrous sulphate and growth medium with dialysate (iron concentration adjusted to 50 lM) into different culture wells. Likewise, 2 ml of growth medium was added into the basal compartment. After incubation (3 h at 37°C in 5% CO 2 with 95% relative humidity), the basal medium was aspirated off for determination of iron transport across the monolayer and the cells were returned to the incubator in fresh medium for additional 22 h to allow ferritin synthesis. Mineral retention, transport and uptake (retention plus transport) by the cells were determined by measuring calcium, iron and zinc contents in blank, soluble mineral fraction, cell monolayer and basolateral content using AAS.
Mineral estimation
Iron, zinc and calcium content of the cell monolayer (retention) and basolateral chamber (transport) were measured using AAS. For determination of mineral content in the sample (before digestion), soluble fraction (apical solution), blank (HBSS), basal solution and in cell homogenates, all samples were subjected to ashing (550°C for 8 h). Suitable dilutions of the digests were made using triple distilled water for analysis by AAS.
Ferritin content estimation
Intracellular ferritin formation in the Caco-2 cells was measured by sandwich ELISA using human ferritin ELISA kit (DRG, GmbH, Germany). After incubation, monolayer was washed with PBS and harvested using trypsin-EDTA solution. Subsequently, cells were collected using 2 ml of de-ionized water for 3 min and then subjected to sonication at 4°C for 2 min with a pulse rate of 5 s. 100 ll of aliquots of the sonicated caco-2 monolayer were used for ferritin determination.
An anti-ferritin immunoglobulin-G-coated plate was incubated for 1 h with samples, standards and controls. Avidin conjugated to Horseradish Peroxidase (HRP) was added to each microplate well. Following washing, the TMB substrate was added and the plate was incubated for additional 10 min (in the dark). The reaction was terminated by addition of HCl, and the change in colour in case of wells containing ferritin was measured spectrophotometrically by means of a microplate reader (Tecan, GmbH) at a wavelength of 450 nm ± 10 nm. Ferritin concentration in the samples was determined by comparing the O.D. of the samples to that of the standard curve.
Statistical analysis
Means and standard error mean (SEM) were calculated using Microsoft Excel, 2013 (Microsoft Corp., Redmond, WA). Significant difference between values was verified by one way or two way analysis of variance and comparison between means was made by critical difference value (Snedecor and Cochran 1994) .
Results and discussion
Mineral content of fermented POC samples
Mineral content (iron, zinc and calcium) of fermented POC samples was estimated using AAS and the results are depicted in Table 2 . Fermentation significantly (P \ 0.05) increased the mineral content of POC samples in comparison with raw POC. Our results were in line with the findings of Chawla et al. (2017) who reported increased mineral content in bio-augmented black eyed pea seed flour.
In vitro bioavailability of fermented POC samples
Mineral (iron, zinc and calcium) bioavailability of food and food products always depends upon the intrinsic components of the food (i.e. fat, proteins, carbohydrates, fibers etc.), interactions of these components with minerals and the level of digestion of the ingested food. In-vitro bioavailability of minerals (iron, zinc and calcium) of fermented POC samples (0-144 h) in comparison with free form of inorganic salts (i.e. FeSO 4 , ZnSO 4 and CaCO 3 ) was determined using simulated gastrointestinal digestion model system and results are depicted in Fig. 1a -c, respectively. Results obtained after simulated gastrointestinal digestion clearly revealed that fermentation of POC samples with A. oryzae increased the mineral bioavailability. Significant (P \ 0.05) increase in terms of mineral bioavailability and digestibility was observed in all the fermented samples in comparison with free inorganic salts. Low mineral bioavailability of free inorganic salts was due to co-precipitation at intestinal pH thereby, further reducing its bioavailability (Chawla et al. 2017) . Reduction in digestibility of free form of mineral salts is in line with the findings of Hoz et al. (2014) who suggested that proteins have the inherent ability to bind minerals with them. It has also been reported that plants have a great affinity to absorb minerals from the soil and form the mineral complexes. For instance, phytosiderophore, a hexadentate ligand with amino and carboxy groups co-ordinates with iron absorbed from the soil to form phytosiderophore-ferric complex (Wiren et al. 2000) contributing to significant increase in iron bioavailability.
Iron retention, transport and uptake by Caco-2 cells (transwell assay)
According to Camara et al. (2005) the percentage efficiency of mineral retention, transport and uptake can be used as bioavailability predictors for the trace elements. Peanuts are a fairly rich source of dietary iron (Fig. 2a) . The iron content in dialysate filtrates obtained after simulated gastrointestinal digestion was measured by AAS. Final volume of filtrate equivalent to 50 lM concentration of iron was loaded in the upper chamber of transwell plates to carry out retention, transport and uptake studies by Caco-2 cells. Results of mineral retention, transport and uptake clearly revealed that bio-augmentation significantly (P \ 0.05) increased in the value of all the parameters studied in comparison with free form of salt. This decrease in retention, transport and uptake of inorganic mineral salts might be due to precipitation of non heme iron (as ferrous or ferric form) which restricts their solubility at intestinal pH 7-8 and hence subsequent absorption in the duodenum. Our results were in line with the results of Conrad and Umbreit (2002) , Chawla et al. (2017) who reported the limited solubility of iron salts at intestinal pH makes them unavailable for absorption. The improved absorption of iron in the form of phytosiderophore-ferric complex already existing in POC powder could be the contributor for its increased transport, retention and uptake. May et al. (1978) also discovered that complexing iron with organic ligands such as amino acids, carbohydrates, proteins, etc. enhances its solubility and hinders precipitation at intestinal pH. Similar findings were reported by Chawla et al. (2017) in case of fermented blackeyed pea seed flour according to which the presence of proteins in the intestine increased the uptake of iron. Laparra et al. (2008) also reported that the low molecular weight peptides generated on digestion could bind mineral ions which keep them in solution and eventually enhance their uptake by Caco-2 cells.
Ferritin synthesis
According to study of Nikolaus and Peter (2015) and Chawla et al. (2017) increase in ferritin content of intestinal cells was a significant characteristic to increased intracellular iron levels as the cells are able to synthesize ferritin in response to the iron entering into the intestinal cells. Therefore, ferritin formation in the cells was used as an indicator of iron bioavailability and ferritin content of intestinal cells was estimated using human ferritin ELISA kit. Ferritin concentration in cells added with dialysates of digested fermented POC samples in comparison to dialysate containing iron in its free form was expressed in terms of iron uptake which is the ratio of ferritin and cell protein (ng ferritin/mg cell protein) (Fig. 2b) . Results clearly shown that the ferritin content/cell protein ratios in Caco-2 cells in the presence of iron from fermented POC significantly increased (P \ 0.05) than that from free form of iron. Therefore, the findings of present research clearly revealed that the digestion product of fermented POC improved iron uptake by increasing ferritin content synthesis in intestinal cells. All the POC samples showed significantly (P \ 0.05) increased ferritin content with increasing days of fermentation, respectively. Moreover, according to study of Etcheverry et al. (2004) it was confirmed that the effect of sample composition, such as the presence of protein enhanced the iron digestibility which resulted in enhanced cellular iron uptake as well as ferritin synthesis. This increase might be due to the formation of peptides by the action of filamentous fungi used for the fermentation on the protein component of POC which could have eventually complexed with the available minerals. Therefore, it could be inferred from the results obtained that the developed product carry higher amount of iron per gram POC sample. Similar findings were reported by Chawla et al. (2017) in case of fermented blackeyed pea seed flour samples.
Zinc uptake and transport by Caco-2 cells
Similarly the zinc content in obtained filtrate was measured and the volume equivalent to 50 lM of zinc concentration was loaded in the upper chamber of transwell plates and results of cellular zinc transport, retention and uptake were depicted in Fig. 3 . Obtained results clearly showed that there was significant (P \ 0.05) increase in the values of cellular zinc transport, retention and uptake of fermented POC samples as compared with free form of zinc salt. Improved cellular zinc uptake was in concordance with the results obtained for iron concluding that bioavailability and intestinal absorption of zinc is potentially affected by protein content of fermented POC samples. Moreover, dialysates of fermented POC sample showed the presence of of higher amount of digested protein (19.76 lg protein/ ml of filtrate) as compared to zinc salt fortified SYC (5.75 lg protein/ml of filtrate which could be the reason for improved cellular zinc transport, retention and uptake, respectively. This finding is well supported by the findings of Garcia-Nebot et al. (2013) who reported that cellular protein has significant role in mineral bioavailability and intestinal absorption. Also, Fleming et al. (1997) reported Means within column with different lowercase superscript are significantly different (P \ 0.05) from each other. *Uptake = transport plus retention that the proteins were able to transport ions such as iron, zinc, copper and magnesium in the divalent state which ensured entry of the element into the cells by a non-receptor-mediated uptake system. Similar findings for increased cellular zinc uptake were reported by Chawla et al. (2017) in case of fermented blackeyed pea seed flour samples.
Calcium uptake and transport by Caco-2 cells
Calcium is a vital element for functioning of human body system. Garcia-Nebot et al. (2013) revealed that two important mechanisms are involved for the calcium absorption in human small intestine i.e. a transcellular active transport process which is situated largely in the duodenum and upper jejunum and a paracellular which is a passive process that functions throughout the length of the intestine. Despite this transcellular process consist of three major phases which are entry across the brush border, intracellular diffusion, and extrusion, respectively. Hence, Intestinal calcium absorption is accomplished through paracelluar pathway facilitated by generation of calcium gradient between plasma and lumen by passive diffusion across the intercellular tight junction (Kaushik et al., 2014) . Also, it has been well described that vigorous absorption of minerals by the plants and seeds includes the action of a specific carrier compound present cells' plasma membranes of plant body across which mineral transportation occurs. These carrier compounds are the transport proteins that are known as permesses. Carrier molecules present in the membrane forms bond with the minerals present outside in form of ions, resulting a carrier-ion-complex, which can move across the membrane (Pendias, 2004) . Results clearly illustrated that fermented POC showed significantly (P \ 0.05) increased transport, retention and uptake of calcium in comparison with free form of calcium salt (Fig. 4) . As reported earlier in case of cellular zinc uptake, food protein and cellular protein play a potential role during calcium transport, retention and uptake. During simulated gastrointestinal digestion, proteins of the fermented POC samples might have broken down into smaller peptides, bind calcium to form complexes which ultimately improved the solubility of calcium at intestinal pH (Miller and Berner 1989) .
Conclusion
There is no doubt that SSF attributes considerably improvement in nutritional values of products. Fungal strain was incubated with substrate (POC) for 144 h at 30°C and effect of SSF on mineral content and in vitro mineral (iron, zinc and calcium) bioavailability of POC has been studied. Combination of simulated gastrointestinal method and in vitro Caco-2 cell culture model (transwell assay) was used for the estimation of percentage bioavailability and cellular transport retention and uptake of minerals, respectively. Findings from present research revealed significant (P \ 0.05) increased digestibility and mineral bioavailability in SSF fermented POC samples in comparison with unfermented samples. SSF also acquire part of credit in significant (P \ 0.05) increased mineral uptake, retention and transport through Caco-2 cells as compared to respective inorganic mineral salts. Hence, fermentation of POC attributed a positive statistically significant increased influence on minerals retention, transport and uptake values when compared with that of respective inorganic salts as reference. Results revealed increased cellular ferritin content from fermented POC digests than from digests of free form of respective inorganic salt
